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Merging Imagery and Models for River Current Prediction

Cheryl Ann Blain®, Robert S. Linzell®, and Paul McKay®

2Qceanography Division, Naval Research Laboratory. Steunis Space Center, MS, USA
bQinetiQ North America, Technology Solutions Group, Stennis Space Center, MS, USA

ABSTRACT

To meet the challenge of operating in river environinents with denied access and to improve the riverine intel-
ligenee available to the warfighter, advaneed high resolution river eireulation models are combined with remote
sensing feature extraetion algorithms to produce a predietive eapability for currents and water levels in rivers
where a priori knowledge of the river environment is limited. A River Simulation Tool (RST) is developed to
facilitate the rapid configuration of a river model. River geometry is extracted from the antomated processing
of available imagery while minimal user input is collected to complete the parameter and forcing specifications
necessary to configure a river model. Contingencies within the RST aceomiodate missing data such as a lack
of water depth information and allow for ensemble computations. Sneeessful application of the RST to river
environments is demonstrated for the Snohomish River, WA. Modeled currents compare favorably to in-situ
currents reinforeing the value of the developed approach.

Keywords: rivers, currents, models, edge detection, shoreline extraction, imagery, Snohomish River

1. INTRODUCTION

River operations are rapidly becoming a major part of Military Special Operations, yet rivers pose one of the
most challenging environments to eharacterize. Further componunding the problemn is the inaccessibility of global
rivers, particnlarly those of military interest. Their geometric complexity and continually changing position and
character are diflicult to measure nunder optimal circumstanees. However it is these details pertaining to the river
bank position, bed elevation, upstream discharge, and downstream water level modulation that are necessary
to initialize aceurate predictive river models. To meet the challenge and inprove riverine intelligence available
to the warfighter, advanced high resolution river circulation models are combined with remote sensing feature
extraction algorithms to prodnee a predictive capability for enrrents and water levels in rivers where a priori
knowledge of the river environment is limited.

lmagery for a speeifie river is typically the most recent and readily available source of information for that
river. A River Simnlation Tool (RST) is developed to facilitate the rapid configuration of a river model nsing
information obtained from that single inage. An antomated technique within the RST has been developed that
extracts river geometry and creates a computational mesh using the imageryv-derived inforimation. This mesh
forms the basis of the two-dimensional river model. Additional, yet minimal, input for the RST is collected from
the user to facilitate specification of upstream and downstream foreing and frietional elfects of the stream bed.
The RST then completes the parameter and foreing speeifications required for complete conliguration of a river
model. Very often, water depth along a river reach viewed from imagery is unknown. For this situation, the
RST generates a reasonable synthetic bathymetry based on a predefined cross-section profile relationship. Other
features exist within the RST to edit derived shorelines and meshes, as well as to generate multiple realizations of
the model configured from a single image. Application of the RST to river enviromments as diverse as the Pearl
River, LA, the Atehafalaya River, LA, the Snohomish River, WA and most recently the Kootenai River, ID) have
been undertaken. Presented here are details of the river model eonfiguration for the Snohomish River as derived
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from an application of the RST. Comparisons of enrrents predicted by the RST-generated model to measured
in-situ currents within a reach of the Snohomish River demoustrate the value of the developed approach.

Description of the methodology developed is presented in the context of an application to the Snohomish
River, WA. The manuscript begins in Section 2 with a description of the process that extracts river geometry from
imagery. Configuration of the river model including the creation of synthetic bathymetry and the generation of
an unstructured grid is deseribed in Seetion 3. Section 4 discusses the River Simulation Tool and its integration
of the image processing and model configuration operations. Validation of the river currents computed by the
RST-generated model for the Snohomish River are presented in Section 5. The manuscript conclndes with a
brief suminary in Section 6.

2. EXTRACTION OF RIVER GEOMETRY FROM IMAGERY

The extraction of river geometry is a two-step process. First the imagery is processed to obtain river edge and
water point locations. Depending on the method for edge detection employed, the edge data can be a multi-pixel
band of loeations bracketing the shoreline of the river or, in the ideal case, a single set of points that define
the shoreline. The location of pixels identified as water is the second component of the image processing. Once
the edge and water data are obtained, the second step commences, the processing of edge data into an ordered,
oriented list of coordinates that define both banks of the river.

2.1 Image Processing

Two approaches are developed for processing available iinagery into river edge and water point locations. The
first option targets imagery in the National Imagery Transmission Format (NITF). Withiu the developed tool,
the NITI® Warper Image Processing Utility.! river edges can be derived from either pan sharpened or nulti-
spectral images. Two parameters control the detection of the river edge. The first, a reduction factor, defines
the amonnt of image sub-sampling performed prior to application of the river edge detection algorithm. The
default value is set to 4. Higher reduction factors resuit in fewer details in the edge data, and thus, fewer edge
points. For very low reduction factors, the highest detail is retained but that detail can inchide overhanging tree
shadows which may distort the true river edge. The second parameter is a slope threshold, whose default valne
is 0.5. Water locations are obtained at all pixels where an applied bathymetry algorithm detects water and are
not limited to locations contained within the edge data previously extracted.

Dne to the oceasionally limited natnre of Quickbird satellite coverage or the unavailability of Quickbird in
NITF format, an alternate image processing method has been developed to obtain the necessary edge and water
data using imagery from other sources. The routine is designed to work with imagery from any source that. is cast
in a file format supported by the MATLAB® software. The best results are obtained for imagery in the visible
or IR spectrum rather than multi- or hyperspectral as the presence of visible structure on the water surface
can lead to confusion within the algorithm. The imagery ean be of any size, though 2 m/pixel or better is a
practical limit for the delineation of land and water, and the image can be in any eolor space, including grayscale.
Imagery that qualifies includes Google Earth or Worldview 2, among others. The hnage processing approach is
a texture-based analysis that applies thresholding to entropy calenlations. The method is fully described and
validated by McKay et al.?

The availability of measured bathymetry and observed currents,® ® foenses onr interest on a snall reach of
the Snohomish River, WA shown in Fig. 1. Several images from Google Earth are tiled together (Fig. 2), formning
a single image of Snohomish River, WA in the region of interest. The image of Fig. 2 is processed nsing the
texture-based edge detection approach of McKay et al.,? and is visually summarized in Fig. 3. Eutropy values
are compnted for each pixel, followed by despeekling of the image to reduce noise. Thresholding separates land
{(high entropy, rough textnre) and water (low entropy, smooth texture) pixels and lastly, a binarized mask is
applied to separately extract the edge and water point locations. The extracted edge and water point data are
shown in Fig. 4. The most time consnming portion of the edge and water point extraction process is the location
and tiling of all images needed to cover a desired portion of the river. For the Snohomish River, the image tiling
required 6 minutes of effort while proeessing the edge and water point data itself consumed only two minutes,
indicating a substantial degree of cfficiency in the approach.
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Figure 1. Reach of interest on the Snohomish River, WA.
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Figure 2. Tiles imnages from Google Earth for the reach of interest on the Snohomish River, WA.
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Figure 3. A depiction of the edge and water point extraction process for the Snohomish River, WA,

2.2 Shoreline Processing

Using the water and edge point data obtained from the imagery. a developed shoreline exiraction procedure
is performed to yield an oriented (clockwise or counter-clockwise). continnous set of shoreline coordinates that
define the river geometry. The methodology is not specific to a particular source of imagery or the means by which
the water and edge data are obtained. Furthermore, neither the coordinates of the water nor the edge data need
be in any particular ordered sequence with respect to themselves or one another. Application of the procedure
results in two segments representing each bank of the river, segiments defining islands and, potentially, a smaller
set of closed segments identifying isolated pockets of water that reside outside the river banks. In developing
the approach. automation and simplieity are paramonnt. The specification of three parameters control the edge
and water data processing. Their names and default values are given as: 1) the averaging box size, 5 m, 2)
the maximum neighbor distance, 30 m, and 3) the maximum water point distance, 25 m. Accuracy of the final
shoreline coordinates neecessarily depends on the imagery source, its resolution and the processing technique(s)
applied to obtain the initial water and edge data.

Details of the shoreline processing are shown schematically in FFig. 5 and described siecinetly here. A moving
average (box average) is applied to the set of edge points to smooth the possibly jagged band of edge pixel
locations and minimize the effects of obstructions and overhanging trees represented in the edge data. The
result is a set of mean edge data loeations. Next, three-point segments are ereated from edge data points by
determining the two nearest neighbor edge points within a specified radius (max. neighbor distance) of an edge
point. The 3-point segments are oriented using a normal vector that points to the nearest water data point
location within a specified radius (max. water point distance). A cross-produect between the normal vector
and the veetor connecting neighboring edge points of the three-point segment are used to define the head/tail
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Figure 4. The set of water (bluc) and edge (red) point data extracted from imagery for the Snohomish River, WA.

connection between edge points. At this point all 3-point segments are connected head to tail by vectors whose
normal is directed towards their nearest water point, creating boundary segments. Boundary seginents with
three or more points that have head and tail points within a speecified search distance of nearest neighbors are
connected. Remaining open segments are linked together by determining which segment start point is within a
nearest neighbor search distance of a segment end point. Islands are identified as segments whose end point is
within a specified threshold of its own starting point. The final step is to eliminate segments that do not contain
a mnimum munber of edge points as defined by a user specified threshold. This procedure automatically filters
extraneous water data and noisy edge data. The boundary segments that remain form an ordered, oriented set
of shoreline data point coordinates.

3. CONFIGURATION OF THE RIVER MODEL

Essential components of a compntational river model include a grid of discrete points that represent the river
reach, water depths for all points in that grid, upstream and downstrean foreing such as discharge and water
level, and specification of the bottom sediment type so that a frictional coefficient can be detennined. The mocdel
applied herein to the Snohomishi River is ADCIRC,% 7 a finite element-based model that uses unstructured meshes
| composed of linear triangles.

3.1 Bathymetry

Detailed information on river water depths is often unavailable or is limited in eoverage. Ior these situations a
synthetic bathymetry profile is computed for cross-sections construeted along the river. At cach eross-seetion,
a parabolie funetion is applied by dividing the eross-seetion into two halves, subdividing eaeh half into diserete
points that extend shoreward from the midpoint, and assigning to each point a depth that varies as the distance
from the midpoint. Algorithmically, this synthetic bathymetry is expressed:

h = 1/(4p)(d — 20)* + 2o (1)
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Figure 5. A graphical interpretation of the edge point connection process to form ordered, oriented shoreline coordinates.

where h is the compnted depth value, xq is the horizontal offset, zy is the vertical offset, and p is the distance
from the vertex of the parabola to its focus scaled by half the length of the cross-section. The expression for
water depth in equation 1 is inverted to enforce a maximum depth at the vertes using the simple relation, h =
abs(max(h) — h). To guarantee a minimum valne that is identically zero, the parabola is vertically translated
using, h = h-min(h), ensuring that shorelines have zero depth. The result is a smoothly varying depth profile
at each cross-section with narrower stretches of river having shallower maximum depths than wider sections of
the river. While this simplified representation of the bathymetry does not eapture the effects of sedimentation
and scour in river bends or other asymmetries associated with the dynaniics of the river channel, it has proven
to be a robust approach for representing mean river conditions in the absence of measured bathyvmetric values.

3.2 The Computational Mesh

The information required to proceed with generation of an unstructured mesh of the river reach is now available,
the ordered, oriented shoreline data extracted from the imagery and water depth information over the river reach
of interest. The automated finite element mesh generation utitity, MeshGUL? is applied to the Snohomish River.
An initial coarse resolution of 50 m with two depth-based refinements provides the best balance of resohition
and model performance (i.e., exceution speed determined by mesh size). The resulting mesh, depicted in Fig. 6,
contains 41997 nodes and 75246 triangular elements with a mean resolution of 16.7 m. The range of nodal
spaeing is from 6 m to 33 m. To eliminate reflection of a wave moving upstream off the upstream boundary in a
limited domain model, a channel extension to the mesh at the upstream boundary is automatically constructed.
The length of the extension is determined by considering the distance required for dissipation of a shallow water
wave moving upstrean:

L = E/D(gh)'/? (2)

where E is the global average tidal energy dissipation rate (4000 J/m?), D is the dissipation rate of tidal energy
in a shallow tidal plain (0.5 W/mn?) and h is the mean depth of the chanuel (3 m here).
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Figure 6. The finite element mesh of the Snohomish River, WA crealed using synthetic bathymetry and extracted edge
data from imagery.

3.3 Boundary Forcing

For the Snohomish River, cnrrents flow to the west then north-northeast emnptying into the Possession Sonnd,
the easternmost basin of Puget Sound. Upstream conditions are defined by the sum of daily discharges front the
Pilchuck and Snohomish Rivers as measured by USGS gages 1215530 and 12150800, respectively. ar the time
period of interest in September 2009 the upstream discharge rates applied are shown in Fig. 7. The discharge
rate peaks on 08 September at just over 9000 cfs and deelines rapidly over the next four days until reaching a
fairly constant discharge of 2000 cfs for another 10 days. Discharge drops further beyond 24 September.

Dowustream the Snohomish River is influenced by the tidal modulations of Puget Sound. Tides at the Strait
of Juan de Fuca, connecting the Pacific Ocean to Puget Sound, are extracted from a global tidal database,
FES2004.% and applied at the downstream boundary of the Snohomish river model. A t3-hour lag is applied to
the water level forcing to compensate for travel time from the open ocean to the river mouth.

3.4 Bed Friction

In addition to the applied physical forcing at the upstream and downstream ends of the river. frictional resistance
of the bed material is another modifying force for current dynamics in the river. Bottom drag is assuined to vary
as the square of the current magnitude, following a basic quadratic friction law. The type of sediment present
determines the frictional coefficient. Specifically, a sediment type is related to a specified Manning's coeflicient. '’
The quadratic bottemn drag coellicient. is then computed based on the water depth using the the Mauning’s and
Darcy-Weisbach equations.!! For the Snohomish River, sand (0.3 mm quartz) is selected as the sediment type
for the ehannel bed.

4. THE RIVER SIMULATION TOOL

The process of extracting river geometry from imagery, generating a computational mesl, and configuring a river
model with boundary forcing is all handled within a the developed River Simmlation Tool (RST).!? The RST is
comprised of MATLAB®-based software that provides an intuitive interface for eonfiguring a 21 hydrodynamic
model of a river that has been remotely observed through imagery data. To achieve full hinctionality, the RST
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Figure 7. Upstream discharge (in cfs) applied 10 the Snohowish River model during the period of 9-26 September 2009.

GUI utilizes additional software tools, written in other comnpnter programming langnages such as FORTRAN
and Perl. The RST is designed to be sell-contained and flexible, antomating as much of the image processing
and mesh creation as possible if desired by the user and yet allowing user input of key pieces of information.
Capabilities for interactive editing of the river shoreline or the computational mesh to the specification of model
parameters and forcing are integral features of the software. At the same time the RST maintains defanlt
parameter and forcing confignrations for the model as well as contingencies for specifying missing information,
such as upstreain forcing or bathymetry. Realizing that a great deal of uncertainty can accompany application
of the RST to a real river, a capability for configuring multiple input specifications is available. Irom these
mnultiple data sets an ensemble of modlel runs can be performed that bracket uncertainty or assess the sensitivity
of predictions to unknown inputs. Execution of the river model is performed external to the RST software
package.

4.1 Components and Features

The RST is comprised of six compouents defined by their functional goal and a visnal display field that fa-
cilitates interaction and understanding within the RST. Components on the initial page of the GUI, shown in
Fig. 8, are identified from top to bottom on the left side of the GUI as: Mesh Crealion which encompasses
shoreline creation, bathymetry specification and automated grid generation, Model Input Parameters through
which bottom type and lateral mixing coeflicients are specified, Ensemble Option for the creation of multiple
model configurations based on a specific mesh and bathymetry, and fnput and Output File Naming to customize
the model run file names. A button at the top the Mesh Creation component labelled Process frmagery lannches
the Image Processing GUI which handles pixel extraction an imagery data set and processes edge and water
point locations within a selected region. A secondary page of the RST GUI, River Discharge and Tidal Forcing
Input, automatically displays at an appropriate time, and assists in the identification of open bonndaries and
their forcing. Detailed descriptions of the fimctionality and nsage of each RST component is fonnd in Blain et
al 2009.12
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Figure 8. The Graphical User Interface (GUI) for the River Simulation Tool (RST).

At present the RST targets the finite element-based hydrodynamic simulator ADCIRC, the Advanced Cir-
culation Model for Shelves, Coastal Seas, and Estuarics.® As such the RST produces model files in forinats
that directly interface with the ADCIRC model.'® The grid generation process prodnces unstructured meshes
composed of linear triangles and the specification of forcing and parameter values are also consistent with the
ADCIRC model. Future work is aimed toward the creation of additional interfaces within the RST for other
hydrodynanic river models.

5. VALIDATION OF SIMULATED SNOHOMISH RIVER CURRENTS

Selection of the Snohomish River as a validation site for the RST and an imagery-initiated model was predicated
on the availability of measured bathymetry and observed currents. The final field campaign of the Coherent
Structures in Rivers and Estuaries Experiment (COHSTREX) project (sponsored by the Office of Naval Research)
deployed five bottom mounted ADCPs from 8-25 September 2009 to record river currents.® The measnrements
were made at three sites within a 2.5 km stretch of the river located approximately 15 km upstream from the
mouth. The distance upstream was chosen in order to minimize the inflnence of stratification. The specific
stretch of river was chosen because of the proximity of a variety of bathymetric features. The moorings furthest
north are labeled Al, then A2. Site B includes moorings Bl, B2, and B3 moving west to east respectively (all
moorings are shown in Fig. 9).

The RST-configured river model was executed for two-months starting 1 Aug and ending 31 Oct 2009. A
21-day ramp-up period is imposed to allow the gradual imposition of the forcing. Courant stability limitations
govern the selection of a model time step eqnal to 0.4 sec. Hourly water levels and currents are recorded at
every compntational point in the mesh while at the five ADCP locations 10-minute data is saved. Fig. 10 depicts
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Figure 9. Measured bathymetry and locations of five ADCP moorings for a 8-25 September 2009 field experiment on the
Snohomish River, WA,

the current magnitude and direction on 19 Sep 2009 at 14:39 hrs GMT. Overall velocities show a strong tidal
influence with maximum currents less than 1 m/s. There is a strong neap/spring variability as well as enhanced
currents during the first two days of the analysis period, likely a result of the very large initial upstream discharge
conditions.

The modeled currents (depth-averaged) are compared to the observed currents (depth-averaged) in Fig. 11
for the time period of the observations, 8-25 September 2009. The largest discrepancies occur early in the time
series during the period of highest discharge. Flows during this time likely exceed the banks ef the river, a
situation not accounted for in the enrrent image processing approach. The edge and water pixel extractions
from the imagery are dependent on flood conditions in the river at the time the image was taken. The extracted
shorelinc of the river then defines the bounds of the computational model and at present no overflow of the banks
is permitted. For a more quantitative comparison, the mean difference error and the mean correlation coeflicient
at each mooring for current magnitude is presented in Table 1. For the model using the measured bathymetry,
correlation coefficients are greater than 85% indicating that the comnputed currents agree quite well with the
observed currents. The difference in magnitude between the computed and observed currents is between 16 and
17 cm/s and remains fairly consistent across all mooring locations.

To evaluate the influence of the synthetic bathymetry on computed currents, an identical river model sin-
ulation is repeated now using the RST-generated bathymetry. The measured bathymetry and the synthetic
bathymetry are plotted side-by-side in Fig. 12. The synthetic bathymetry is more uniform and symmetric with
the thalweg located in the center of the channel, whereas the true bathymetry reflects shoaling on the inside
of meander bends and scour (deepening) along the outer edge of the meanders. Error values for currents from
the synthetic bathymetry case are also recorded in Table 1. When compared to the observed currents, mean
current errors for the synthetic bathymetry case have increased at all mooring locations, an unsurprising result.
The large error at mooring Al is clearly due to the presence of a shoal on the right bank that is not reflected in
the synthetic bathymetry. Again, the moorings at B transect the region of sediment accrction along the inner
bend of the meander creating a greater discrepancy with the synthetic bathymetry profile. What is surprising
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Table t. Mean error for computed depthi-averaged current magnilude al the observational moorings for models nsing
measured and synthetlcally generated bathymetry.

Measured Bathymetry Synthetic Bathymetry
Mooriug | Mean Dilference (cin/s) Correlation | Meau Dilference (cin/s)  Carrelation
Al 16 0.90 A 0.77
A2 17 0.86 2l 0.86G
B1 17 0.87 24 0.86
B2 17 0.89 24 0.90
B3 H{ 0.87 23 0.87

is that mean dilferences between the computed and observed currents teud to be unilorin (about 7 cm/s) across
the maoorings. Correlation coefficients for currents remain high and quite similar to those recorded for the true
bathymetry case. This is an indication that the bathymetry errors have not created large phase dilferences in
the tidal signal. Rather peak currents are damped over the measured currents due ta deeper waters generated
hy the svnthetic bathymetry.

6. SUMMARY

An approach has been developed to process river geometry extracted from aerial and satellite mmagery. The
extracted water and river edge pixel location are used to construct a computational grid o river madel. The
methodology is fully automated and independent of the imagery sonrce. Additional software. the River Simulation
Tool, is developed to provide a sunplified iuterlace for river model conliguration. The RST. using the river
geometry derived from imagery, aims to automate as much of the river madel set-up as possilile including
creation of the compntational grid, generation of a syuthetic hathymetry if none is available, and the specilication
of forcing and model parameters with only limited user input required. The methodology and tools described
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Figure 11. Depth-averaged currents modeled (dashed blue) and observed (solid black) along the Snohomish River from
8-25 Sep 2009.
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Figure 12. Measured (left) and synthetic (right) bathymetry along the Snohomish River reach.
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have been applied here to a reach of the Snohomish River, WA for the pnrpose of predicting river currents.
Compnted river currents are compared to observed enrrents at five locations for an 18-day period in September
2009. Excellent agreement between the compited and observed currents is achieved when the river model ntilizes
available measured bathymetry. Degraded but reasonable enrrents are produced by the model when the synthetic
bathymetry, available through the RST, is applied. The RST continues to be refined as new river applications
are undertaken.
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